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Lymphocyte migration into nerve allografts was measured to
estimate the cyclosporine A (CsA) dose required to suppress
rejection. Twelve outbred sheep received daily subcutane-
ous CsA at 0, 5, 10, or 15 mg/kg/day for 2 weeks prior to
implantation of multiple heterotopic subcutaneous nerve
grafts. Lymphocyte migration was determined after 7 days by
an intravenous pulse of autologous 111indium-labeled lym-
phocytes and subsequent quantitation of gamma radioactiv-
ity in nerve tissue (CPM/g, mean ± SEM). Measurement by
radioimmunoassay revealed a dose-dependent increase in
blood cyclosporine levels. Lymphocyte migration into auto-

grafts (404 ± 44) was significantly less than migration into
allografts (16,554 ± 2,049), in control animals (P < 0.01). A
dose-dependent inhibition of lymphocyte migration into nerve
allografts was observed with counts of 7,662 ± 1,692, 4,083
± 1,112, and 1,561 ± 232 in sheep receiving 5, 10, or 15
mg/kg/day of CsA, respectively. Daily CsA administration
produced effective blood levels and immunosuppression suf-
ficient to inhibit lymphocyte migration into nerve allografts.
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Nerve allografts have been utilized clinically to graft oth-
erwise irreparable cases of peripheral nerve injuries.1,2 Sys-
temic immunosuppression has been utilized to prevent re-
jection and to allow optimal axonal regeneration across
nerve allografts experimentally3–6 and clinically.1,2 How-
ever, potential toxicity associated with long-term cyclospor-
ine A (CsA) treatment must be balanced with the potential
for axonal regeneration across nerve allografts and neuro-
logical recovery. Attempts to reduce nerve allograft antige-
nicity by various pretreatment methods, including irradia-
tion and lypophilization, have produced only limited suc-
cess.7–9 Cold preservation decreased antigenicity of nerve
allografts in sheep suppressing early immunological
events10–12; however, axonal regeneration across long nerve
allografts was not supported in the absence of systemic
immunosuppression.13

The optimal requirements for systemic immunosuppres-
sion of peripheral nerve allografts have not been clearly
evaluated in a large animal model. By contrast, numerous

studies have evaluated recovery over short nerve gaps.3–6 In
rats, temporary CsA immunosuppression has been shown to
be as effective as continuous CsA treatment in supporting
regeneration across short tibial nerve allografts.14 It is un-
known if this is the case for reconstruction of larger nerve
allografts. In primates, axonal regeneration across a 3 cm
ulnar nerve allograft occurred equally in the presence and
absence of CsA immunosuppression, suggesting that such a
nerve gap was of insufficient length to challenge axonal
regeneration.15

Sheep have a well-characterized immune system16,17

and tolerate long nerve gaps with minimal morbidity.11,13

CsA administered via gastric fistula or intravenous route has
been previously studied in sheep.18–20 The purpose of this
study was to develop a model of subcutaneous CsA admin-
istration in sheep. Pharmacological drug measurements will
ensure adequate drug levels in the blood. Inhibition of lym-
phocyte migration into nerve allograft segments and de-
layed-type hypersensitivity (DTH) skin lesions will serve as
a biological marker of systemic immunosuppression. These
data will be used to determine the minimal systemic CsA
dose that may support axonal regeneration across long pe-
ripheral nerve allografts in future studies.

MATERIALS AND METHODS

Animal Protocol

Twelve outbred sheep were primed intradermally with
bacillus Calmette-Gue´rin (BCG) vaccine (2.5 doses/animal;
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Connaught Laboratories, Willowdale, Ontario, Canada) 2
weeks prior to initiating experiments. Animals were accli-
matized to the surroundings and baseline weights, and renal
and hepatic function was established prior to initiating daily
CsA administration. Liquid CsA (100 mg/ml in olive oil
vehicle; Sandimmune, Novartis Pharma Inc., Canada; Dor-
val, Quebec, Canada) was administered daily in rotating
subcutaneous sites along the back of the animal in doses of
0, 5, 10, and 15 mg/kg/day (n4 4, 2, 4, and 2 animals/
group, repectively).21,22 Control animals received an
equivalent volume of drug vehicle alone. Daily blood
samples were drawn for cyclosporine level determination,
and weekly blood samples were drawn to assess renal and
hepatic function. Drug doses were adjusted according to
weekly weights. Animals were kept in pens with access to
food and water ad libitum and cared for in accordance with
the guidelines of the University of Toronto Animal Care
Committee.

After 2 weeks of CsA administration, animals were
fasted overnight prior to general anesthesia. After Pentothal
induction (1.25%, 10 mg/kg IV; Abbott, Montreal, Quebec,
Canada) and endotracheal intubation, general anesthesia
was maintained by spontaneous ventilation with halothane
(Halocarbon Laboratories, North Augusta, SC) and oxygen.
Bilateral median nerves were sequentially exposed via a
medial forearm incision, and 10 cm of a predominantly
sensory branch of the median nerve was excised. Peroneal
nerves were harvested by a lateral incision as described
previously.10 Peroneal nerve allograft donors were eutha-
nized following nerve harvest (Euthanol, 1 ml/kg IV; MTC
Pharmaceuticals, Cambridge, Ontario, Canada). The nerves
were then subdivided into 1 cm segments and labeled with
3.0 nylon sutures (American Cyanamid, Pearle River, NY).
Multiple (n 4 5 or greater) median autografts, median al-
lografts (donor #1), and peroneal allografts (donor #2) were
implanted in separately labeled subcutaneous pockets on a
single flank of each animal. All wounds were closed with
subcuticular 3.0 absorbable suture. Animals were allowed to
recover and received postoperative analgesia (Temgesic,
Buprenorphine (Beckitt and Coleman Products, Hull, En-
gland) 0.005 mg/kg IM q6h). All animals were walking
freely in pens 4 hours postoperatively. Nerve graft segments
were left in situ for 7 days prior to lymphocyte migration
studies. Daily CsA administration was continued during this
time.

On postoperative day 5, animals were again anesthe-
tized for DTH skin lesions and efferent prescapular lym-
phatic cannulation. Subscapular efferent lymphatics were
exposed by a lateral neck incision and cannulated with flex-
ible polyethylene tubing as previously described.17 Cannu-
lae were then fixed in place with silk ligatures and lymph
collection initiated. On postoperative day 7, 5 × 108 autolo-
gous efferent lymphocytes were collected and labeled with
111indium oxine prior to intravenous injection. After 3 hours

of recirculation the animals were euthanized and nerve tis-
sue and skin sites harvested.

Nerve grafts were placed in preweighed glass test tubes
and the wet weight obtained before counting in a gamma
counter and expressed as CPM/g tissue. Animal skins were
frozen (−70°C) and a 1 cmpunch was used to harvest skin
sites. Individual skin sites were placed in test tubes and
gamma counts expressed as CPM/skin site.

Delayed-Type Hypersensitivity Skin Lesions

All intradermal injections were performed with animals
anesthetized prior to cannulation of an efferent prescapular
lymphatic for lymphocyte harvesting. DTH skin lesions
were initiated 5 days after nerve implantation on the con-
tralateral flank. Purified protein derivative (PPD) stock so-
lution (Connaught Laboratories, Willowdale, Ontario,
Canada) was diluted with 2% Evans blue saline solution to
final concentrations of 20 or 60mg/0.2 ml and injected
intradermally (n4 6 sites/dose). Control injection sites
contained Evans blue saline and/or CsA vehicle. The effect
of local CsA (1.0 mg/site) was determined by concomitant
injection with 20mg of PPD/site (n4 6 sites). All DTH
lesions were allowed to develop for 48 hours, at which time
the maximum response was noted.17

Lymphocyte Preparation

Two days prior to assessment of lymphocyte migration,
each animal underwent a second general anesthetic, as out-
lined above, and a single efferent prescapular lymphatic was
cannulated as described previously.17 The cannulae were
maintained for 2 days prior to lymphocyte migration stud-
ies, which were performed 7 days after nerve graft implan-
tation and 48 hours after DTH lesion injections. These times
correspond to the maximum effect on lymphocyte migra-
tion.10,17 Autologous lymphocytes were collected into a
penicillin/heparin solution over a 6 hour period prior to
labeling. Using a Coulter particle counter (model 901,
Coulter Electronics, Hialeah, FL) 5 × 108 cells were ali-
quoted for labeling. Cells were washed 3 times in Hanks’
balanced salt solution (HBSS) and suspended to a concen-
tration of 108 cells/ml. To this suspension,111indium oxine
(Amersham, Oakville, ONT, Canada) was added at a con-
centration of 10mCi/108 cells. After incubation at room
temperature for 10 minutes, 10 ml of lymph plasma was
added to bind any free111indium. The cells were then
washed in HBSS and resuspended in fresh lymph plasma.
The radiolabeled cells were then injected intravenously and
allowed to recirculate for 3 hours.

Histology

At the time of tissue harvest, segments of median nerve
in situ and median autograft and allograft segments were
fixed by immersion in 3% gluteraldehyde in 0.2 M phos-
phate buffer (pH 7.4) to which H2O2 was added (5ml/10 ml
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analytic grade, BDH, Toronto, Ontario, Canada). After 1
hour, the nerve segments were transferred to fresh gluteral-
dehyde.23 Postfixation was performed with osmium te-
troxide, and the the nerves were imbedded in Araldite 502
(Polysciences, Warrington, PA). Toluidine blue was used to
stain 1 mm sections of nerve tissue cut with an LKBIII
ultramicrotome (LKB-Produkter, Bromma, Sweden) for
light microscopy.

Histomorphometric Analysis

Quantitative lymphocyte counts were performed on me-
dian nerve allograft segments in sheep receiving 0, 5, 10,
and 15 mg/kg/day CsA using light microscopy. At 1,000×
magnification, seven representative fields were evaluated
using a digital image analysis system linked to morphom-
etry software (Leco Instruments, St. Joseph, MI). For each
nerve segment, extraneural lymphocyte nuclei were
counted. For each nerve segment the total surface area mea-
sured was constant. Results are reported as total lympho-
cytes counted for a constant total surface area.

Biochemical Measurements

Serum aspartate transferase (AST), alanine transferase
(ALT), and creatinine were measured prior to initiating CsA
and then weekly. Whole blood trough cyclosporine levels
were measured dialy using a specific monoclonal radioim-
munoassay (Cyclotrac, INCSTAR, Stillwater, MN), cali-
brated with CsA whole blood standards.24

Statistial Analysis

A power analysis was performed with results suggesting
that six animals/drug dose group would be required to ob-
tain statistically significant differences in lymphocyte mi-
gration. Due to overall cost restrictions, n4 4, 2, 4, and 2
animals were used for CsA doses of 0, 5, 10, and 15 mg/
kg/day, respectively, acknowledging the potential for com-
promised power of statistical analysis.

All results are reported as mean ± SEM. An analysis of
variance model (ANOVA) was applied to account for the
variable sample size. A Dunnett’s test was used for multiple
comparisons to the control group.25,26 Comparison of two

Figure 1. Weekly body weights, creatinine, alanine transferase (ALT), and aspartate transferase (AST) remained stable during subcutane-
ous CsA administration without any indication of systemic toxicity.
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means was performed using Student’s t-test. AP value
(two-tailed) of <0.05 was taken as significant.

RESULTS

Weight and Renal and Hepatic Function

All animals tolerated the protocol without evidence of
systemic CsA toxicity as determined by animal weights and
renal and hepatic function (Fig. 1).

Blood Cyclosporine Levels

Blood cyclosporine was not detected in any of the con-
trol animals over the duration of the experiment. In all ex-
perimental groups, cyclosporine levels increased steadily
over the first 2 weeks. During the third week, cyclosporine

Figure 2. Blood cyclosporine levels approached plateau values near 250, 400, and 600 µg/L after 2 weeks of daily CsA administration at 5,
10, or 15 mg/kg/day, respectively.

Figure 3. Mean blood cyclosporine levels plateau after 2 weeks of
CsA administration at 10 mg/kg/day (mean ± SEM; n = 4 sheep).

700 Hare et al.



levels approached plateaus of approximately 250, 400, and
600/L in the 5, 10, and 15 mg/kg/day groups, respectively
(Figs. 2, 3).

Lymphocyte Migration Into Nerve Allografts

Lymphocyte migration into unmanipulated nerves in
situ was negligible with values of 145 ± 48, 188 ± 61, 341
± 45, and 601 ± 210 CPM/g tissue after 0, 5, 10, and 15
mg/kg/day of CsA, respectively (n4 17, 8, 16, and 9 nerve
segments/group, respectively) (Fig. 4). Similarly, median
nerve autografts had low lymphocyte migration values of
404 ± 44, 312 ± 39, 507 ± 95, and 638 ± 103 CPM/g tissue
after 0, 5, 10, and 15 mg/kg/day of CsA, respectively (n4
19, 9, 17, and 8 grafts/group, respectively) (Fig. 4).

Lymphocyte migration into peroneal and median nerve
allografts from two different donors was dramatically in-
creased above controls (Fig. 4). Pooling median and pero-
neal nerve allograft samples in the control group (CsA 0
mg/kg/day) yielded a lymphocyte migration value of 16,554
± 2049, which was significantly greater than the comparable
autograft value of 404 ± 44 (P < 0.01). Administration of
CsA resulted in a dose-dependent reduction in lymphocyte
migration into nerve allografts, with the most predominant
reduction after 15 mg/kg/day (Fig. 4). Pooled median and
peroneal nerve allograft results for each group yielded lym-
phocyte migration values of 7,662 ± 1,692, 4,083 ± 1,112,
and 1,561 ± 232 CPM/g tissue after 5, 10, and 15 mg/kg/day
of CsA, respectively (n4 45, 21, 36, and 24 grafts/group).

Despite a very large effect (f4 0.955), the differences
between groups as assessed by ANOVA were not statisti-
cally significant.

Histologic assessment of lymphocyte counts supports
the data obtained using radiolabeled cells. Few lymphocytes
were observed in light micrographs of pristine nerve in situ
or nerve autografts (Fig. 5A,B). There was a predominant
lymphocytic infiltrate in the control allografts (Fig. 5C).
This decreased in a dose-related fashion with 5, 10, and 15
mg/kg/day CsA immunoosuppression (Fig. 5D–F). Again,
the reduction in lymphocyte count with different doses of
CsA did not reach statistical significance when assessed by
ANOVA. Comparison of radioactive lymphocyte counts
with quantitative histomorphometric lymphocyte counts ap-
proached a linear relationship (Fig. 6).

Lymphocyte Migration Into Delayed-Type
Hypersensitivity Skin Lesions

Lymphocyte migration into DTH skin lesions showed a
dose-related increase with 20 or 60mg of PPD in control
animals (Fig. 7, black bars). Systemic CsA did not affect
this relationship nor did it reduce lymphocyte migration into
DTH lesions at doses of 5 and 10 mg/kg/day (Fig. 7, light
and dark gray bars). At 15 mg/kg/day, CsA inhibited lym-
phocyte migration into DTH lesions initiated with 20 or 60
mg PPD/lesion (Fig. 7, white bars), although this did not
reach statistical significance when assessed by ANOVA. In
the absence of systemic CsA, local CsA (1 mg/site) partially

Figure 4. Radiolabeled lymphocyte migration into nerve in situ and median autograft remain consistently low in control and CsA groups.
Lymphocyte migration into median and peroneal nerve allografts is substantially increased in control animals, relative to autograft values
(black bars). Systemic CsA inhibits lymphocyte migration into both allografts in a dose-dependent manner, with the most profound effect at
15 mg/kg/day (open bars).
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inhibited lymphocyte migration into DTH lesion initiated
with 20 mg PPD/site (Fig. 8) (P < 0.01).

DISCUSSION

Systemic CsA has supported life-sustaining organ trans-
plantation.27–30 This therapy has also been utilized in the
treatment of a number of immune-mediated diseases includ-
ing diabetes mellitus,31 psoriasis,32 rheumatoid arthritis,33

and inflammatory bowel disease.34 Administration of CsA
to nerve transplant recipients in cases of severe peripheral
nerve injuries has prolonged nerve allograft survival and
significantly reduced lifelong morbidity in trauma pa-
tients.1,2 Experimental evidence suggests that temporary
CsA therapy is as effective as continuous therapy, in sup-
porting axonal regeneration across short nerve allografts.14

Furthermore, discontinuation of systemic immunosuppres-
sion several years after clinical nerve allograft implantation
has not been associated with detrimental effects on neuro-

Figure 5. A: Median nerve in situ with intact perineurium and few
migrant cells. B: Median nerve autograft demonstrating intact
fascicular structure and few infiltrating large mononuclear cells.
C: Median nerve allograft in control animals demonstrating extensive
infiltration of predominantly small mononuclear lymphocytes and de-
struction of fascicular architecture. D: Systemic CsA at 5 mg/kg/day

reduces the small mononuclear cell infitrate into the median nerve
allograft. E: Median nerve allograft treated with CsA 10 mg/kg/day
shows a more profound effect on lymphocyte migration. F: Median
nerve allograft tested with CsA 15 mg/kg/day shows very little mono-
nuclear cell infiltrate.

Figure 6. The linear relationship between quantitative assessment
of lymphocyte migration by 111indium labeling and histomorphomet-
ric cell counts show good correlation of these two methods (r =
0.9285).
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logical improvements.1,2 However, the optimal duration and
dose of CsA immunosuppression for peripheral nerve trans-
plantation have not been clearly defined in a large animal
model or clinically. As a first step toward this goal, an ovine
model was developed to evaluate the optimal dose of CsA
required to initiate systemic immunosuppression for nerve
transplantation. Lymphocyte migration into heterotopic
subcutaneous nerve allografts and DTH skin lesions were
used as biological markers of systemic immunosuppression
and correlated with blood cyclosporine levels.

Although subcutaneous administration of CsA has been
utilized in rat sciatic nerve transplantation,21,22 this method
of CsA administration has not been documented in sheep.
Published studies in sheep have utilized intravenous or di-
rect injection into the glandular stomach via gastric fistula
to avoid the variable absorption associated with the ovine
ruminant stomach.18–20 Intravenous CsA injection has also
been associated with variable daily drug levels.35 For long-
term studies, subcutaneous CsA administration would re-
quire less intravention and hence be more practical and
advantageous.

Daily subcutaneous administration of CsA of 5, 10, or
15 mg/kg/day established blood levels comparable to those
used in clinical studies for renal, liver, and heart trans-
plants.28–30 Drug levels reached a plateau during the third

week of treatment. Regular monitoring of cyclosporine lev-
els in sheep, similar to that done in clinical practice,27 would
be required in long-term studies to limit dose requirements
and reduce the risk of systemic toxicity.

As previously reported,10 radiolabeled lymphocyte mi-
gration into control peripheral nerve allografts receiving no
CsA was, on average, 40-fold greater than autograft values.
With CsA administration, there was a dose-dependent de-
crease in lymphocyte migration into nerve allografts, with
maximum inhibition using 15 mg/kg/day of CsA. At lower
doses (5 and 10 mg/kg/day), persistent lymphocyte migra-
tion occurred into nerve allographs despite reasonable CsA
blood levels. This may reflect the finding that, at clinically
relevant blood levels, systemic CsA only partially inhibits
the cellular mechanisms involved in immunosuppression,
such as calcineurin phosphate activity and subsequent acti-
vation of cytokine transcription.36

By comparison, lymphocyte migration into DTH skin
lesions was not inhibited until the maximal dose of 15 mg/
kg/day of CsA was utilized, perhaps because animals were
initially sensitized with BCG prior to initiating immunosup-
pression. Furthermore, CsA has been paradoxically shown
to enhance the DTH reaction in mice,37 possibly explaining
why a higher dose of CsA was required to inhibit lympho-
cyte migration in DTH lesions in sheep. Pronounced inhi-

Figure 7. Lymphocyte migration into DTH skin lesions induced by 20 and 60 µg of PPD is inhibited by the highest dose of CsA (15
mg/kg/day).
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bition of lymphocyte migration into allografts and DTH
lesions by 15 mg/kg/day of CsA suggests that this may be a
good starting dose to allow axonal regeneration across nerve
allografts.

Histological assessment of nerve allograft segments
confirm the quantitative lymphocyte migration data. Pro-
gressively fewer invading lymphocytes are observed with
increasing doses of CsA. Analysis of the number of lym-
phocytes per microscopic field correlated well with the val-
ues obtained using111indium-labeled lymphocytes. Addi-
tionally, local CsA significantly reduced local lymphocyte
migration into DTH skin lesions. Although local adminis-
tration of CsA was not applied to nerve allografts, it may
support development of local CsA treatment as a means of
limiting CsA toxicity.

Systemic immunosuppression using subcutanoues CsA
in sheep provides a model for studying axonal regeneration
across long nerve allografts. Utilization of median nerve
grafts in these animals provides an internally controlled
model for studying axonal regeneration across nerve allo-
grafts. The contralateral nerve autograft would provide the
gold-standard comparison. This model would also permit
determination of the optimal dose of CsA required for sys-
temic immunosuppression. The median nerve grafting tech-
nique is well tolerated with minimal morbidity and provides
the potential for long (10 cm) nerve engraftment. Future

studies will utilize these results to determine the conditions
of optimal axonal regeneration across long nerve grafts in
sheep.
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